Introduction
Waldenstrom macroglobulinemia (WM) is a low-grade lymphoplasmacytic lymphoma characterized by serum monoclonal immunoglobulin M. [1] [2] [3] Although indolent, WM disease remains incurable, with a median overall survival of 5 to 6 years, and most patients succumb to disease progression. Current therapies give overall response rates (ORR) of 30% to 70% in upfront or relapsed settings. However, complete response rates are less than 10% and median duration of response averages 2 to 3 years. 4, 5 Novel therapeutic agents with demonstrated efficacy in multiple myeloma (MM) and chronic lymphocytic leukemia, such as thalidomide, bortezomib, and alemtuzumab, improve the ORR only slightly. 6, 7 Therefore, there is a need for the rational development of novel agents that target aberrant molecular pathways in WM, as well as to understand the molecular mechanisms of sensitivity/resistance to these agents.
WM is characterized by widespread involvement of the bone marrow (BM) and lymphadenopathy in 20% of the patients, implying continuous trafficking of WM cells into and out the BM and lymph nodes. 8 Migration of B cell through the blood to the BM niches requires active navigation, a process termed homing. 9 Homing is a coordinated, multistep process, which is regulated by several cytokines and chemokines. 10, 11 It also implies that ultimately tumor cells adhere to their microenvironment. 12 This process is not well understood in WM.
The PI3K/Akt pathway acts as a critical regulator of cell survival by stimulating cell proliferation and inhibiting apoptosis. [13] [14] [15] In addition, the PI3K/Akt pathway regulates migration and trafficking in lymphocytes, indicating that it may regulate homing in WM. [16] [17] [18] PI3K catalyzes the synthesis of a second messenger, thereby activating phosphatidylinositol-dependent kinase 1 (PDK1), which in turn activates the serine-threonine kinase Akt. 19 Akt regulates the activity of multiple proteins involved in proliferation, mitosis, and survival, as well as in apoptosis. 19 The PI3K/Akt pathway has been implicated in pathogenesis of various cancers, including lymphoproliferative disorders. 20, 21 In this study, we demonstrate that down-regulation of Akt leads to significant inhibition of proliferation and induction of apoptosis of WM cells in vitro and in vivo and inhibition of migration and adhesion in vitro and homing of WM tumor cells to the BM microenvironment in vivo.
this study. The BCWM.1 is a recently developed WM cell line at DanaFarber Cancer Institute. WM-WSU was obtained from Dr Al Khatib (Wayne State University, Detroit, MI) and MEC1 from Dr Kay (Mayo Clinic, Rochester, MN). RL was purchased from the ATCC (Manassas, VA). Multiple myeloma cell line, MM.1S was a kind gift from Dr Steven Rosen (Northwestern University, Chicago, IL). All cell lines were cultured in RPMI-1640 containing 10% fetal bovine serum (FBS; Sigma Chemical, St Louis, MO), 2 M L-glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin (GIBCO, Grand Island, NY).
Patient samples were obtained after approval from the Dana Farber Cancer Institute Institutional Review Board. Informed consent was obtained from all patients in accordance with the Declaration of Helsinki. Primary WM cells were obtained from BM samples using CD19 ϩ microbead selection (Milteny Biotec, Auburn, CA) with more than 90% purity, as confirmed by flow cytometric analysis with monoclonal antibody reactive to human CD20-PE (BD Biosciences, San Jose, CA). Peripheral blood mononuclear cells (PBMCs) and bone marrow CD19 ϩ selected B cells were obtained from healthy volunteers after Ficoll-Hipaque density sedimentation.
Lentivirus shRNA vector construction and Akt gene transduction
To further determine the role of AKT in the regulation of ERK/MEK, we established an Akt knockout BCWM.1 cell line using a lentivirus transfection system. [22] [23] [24] The sense and antisense oligonucleotide sequence for construction of Akt shRNA were as follows: clone no. 10162: target sequence GGACAAGGACGGGCACATTAA; no. 10163: target sequence CGAGTTTGAGTACCTGAAGCT.
Reagents
Perifosine (Keryx Biopharmaceuticals, New York, NY) is a novel Akt inhibitor that belongs to a class of lipid-related compounds called alkylphospholipids. Rituximab was provided by Genentech (San Francisco, CA). Triciribine, a specific Akt inhibitor, was purchased from Biomol (Plymouth, PA). JNK inhibitor SP600215, MEK1/2 inhibitor U0126, and PI3k inhibitor LY-294002 were purchased from Calbiochem (San Diego, CA). IL-6 and IGF-1 were purchased from R&D Systems (Minneapolis, MN).
Growth inhibition assay
The inhibitory effect of perifosine on WM cell growth, alone or in combination with other agents, was assessed by measuring 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Chemicon International, Temecula, CA) dye absorbance, as previously described. 24 
DNA synthesis
Proliferation was measured by DNA synthesis. WM cells were incubated in the presence of perifosine alone or in combination with other agents, or recombinant cytokines. DNA synthesis was measured by the [ 3 H]-thymidine uptake (Perkin Elmer, Boston, MA) as previously published. 24 
Flow cytometric analysis
Cell-cycle analysis was profiled by flow cytometry using propidium iodide staining, as described. 24 Apoptosis was quantitated using Apo2.7 flow cytometric analysis (Beckman Coulter, Fullerton, CA), as described. 24 
Colony-forming cell assay
Following informed consent, bone marrow was obtained from healthy volunteers and processed to obtain a nonadherent mononuclear fraction, as previously described. 24, 25 Colony-forming cell (CFC) assays were performed in the presence or absence of perifosine added to the cultures at plating. Colonies were counted at days 14 to 16.
Effect of perifosine on paracrine WM cell growth in the BM
Growth stimulation and signaling in WM cells adherent to bone marrow stromal cells (BMSCs) was measured in the presence or absence of perifosine, as described. 24 
Immunoblotting
Whole-cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride (PVDF) membrane (Bio-Rad Laboratories, Hercules, CA). The antibodies used for immunoblotting included: anti-phospho (p)-Akt (Ser473), p-Akt (Thr308), -Akt, -p-ERK (Thr202/Tyr204), -ERK1/2, -p-PDK1 (Ser241), -p-GSK3␣/b (Ser21/9), -p-S6 Ribosomal (Ser240/244), -p-P38 (Thr180/ Tyr182), -p-SAPK/JNK (Thr183/Tyr185), -p-c-Raf (Ser259), -pan-p-PKC, -caspase-8, -caspase-9, -caspase3, and -PARP (Cell Signaling Technology, Beverly, MA); as well as -b-actin and -␣-tubulin (Santa Cruz Biotechnology, Santa Cruz, CA).
In vitro Akt kinase assay
In vitro Akt kinase assay was performed following the manufacturer recommendations (Cell Signaling Technology). Following Akt immunoprecipitation, the cell lysis was then suspended with ATP and GSK-3 fusion protein. Kinase activity was detected by immunoblotting with anti-phospho-GSK-3␣/␤ (Ser21/9) antibody.
Protein microarray procedure
Protein array was used to investigate expression of members of the PI3k/Akt pathway and to study perifosine-induced deregulation of proteins involved in a broad range of biological functions, such as adhesion and migration, signal transduction, cell-cycle regulation, gene transcription, and survival-apoptosis. The complete list of the 512 highly specific and sensitive monoclonal antibodies of the nanoscale Antibody Microarray (Clontech, Mountain View, CA) is available at www.bdbiosciences.com. The technique was performed as previously described. 24, 26 Labeling the proteins from both normal and malignant B cells with Cy3 and Cy5 allowed for microarray detection of differences in specific protein abundance between the WM and control samples. The slides were scanned using Axon GenePix 4000B scanner, as previously described. The mean of the ratios of Cy5/Cy3 of both slides were analyzed using Clontech Excel software. The Genespring software (Silicon Genetics, Redwood City, CA) was used for analysis of all 2 experiments and normalized to controls. An unsupervised clustering analysis was performed to identify changes that were 2-fold or 1.3-fold in the perifosine-treated group compared with the control group.
Transwell migration assay
Migration was determined using the transwell migration assay (Costar, Corning, NY), as previously described. 27 BCWM.1 cells were treated with perifosine for 90 minutes and then placed in the migration chambers in the presence of SDF-1 (R&D). After 4 hours of incubation, cells that migrated to the lower chambers were counted using a Beckman Coulter cell counter (Beckman Coulter).
Adhesion assay
We used an in vitro adhesion assay coated with fibronectin, a ligand of VLA-4, following the manufacturer recommendations (EMD Biosciences, San Diego, CA). BCWM.1 cells were treated with perifosine for 1 hour. Calcein AM was used to measure adherent cells, and the degree of fluorescence was measured using a spectrophotometer 485-520. A bovine serum albumin (BSA)-coated well served as negative control.
In vivo flow cytometry
The effects of perifosine on homing in vivo were tested using Balb/c mice with in vivo flow cytometry as previously described. 11, 28 In brief, BCWM.1 cells were incubated with perifosine for 2 hours (or control phosphatebuffered saline) then injected into the mice. The cells were fluorescently labeled by incubation with the dialkylcarbocyanine membrane dye "DID" (Molecular Probes, Carlsbad, CA) 0.5 M for 30 minutes. Fluorescence signal was detected on an appropriate artery in the ear and digitized for analysis with Matlab software developed in house.
In vivo rate confocal microscopy and 2-photon microscopy Cell homing to BM vasculature of the skull was then analyzed using fluorescence confocal microscopy, as described. 11, 28 High-resolution images of excited DID cells were obtained through the intact mouse skull at depths of up to 250 m from the surface of the skull using a 30ϫ/0.9 NA water immersion objective lens. Images were captured after injection of the cells for 30 minutes to 1 hour per session. Quantitative evaluation is made by dividing the BM into predetermined quadrants (areas 1 to 4) and counting numbers of fluorescent cells per field.
Xenograft murine model
SCID homozygous female mice (5 weeks old) were obtained from Charles River Laboratories (Wilmington, MA) and irradiated upon arrival. All animal studies were conducted according to protocols approved by the Animal Ethics Committee of the Dana Farber Cancer Institute. The mice were inoculated subcutaneously with 2.5 ϫ 10 6 BCWM.1 cells. Once tumors were measurable, mice were assigned to receive oral perifosine daily (35 mg/kg; N ϭ 11) or oral vehicle (water; N ϭ 8). Caliper measurements of the tumor volume were performed every alternate day using the formula: 0.52 ϫ (width/2) 2 ϫ (length/2). 29 Tumor growth was evaluated from the first day of treatment until a significant difference in mean tumors' volume was observed between the 2 groups. Mice were killed when tumors reached 2 cm or if the mice appeared moribund, in order to prevent unnecessary morbidity. Tumor tissues from mice treated with control vehicle or daily perifosine were harvested, processed, and subjected to Western blotting using anti-p-Akt, -Akt, -GSK3␣/␤ and -␣-tubulin antibodies.
Statistical analysis
Statistical significance of differences observed in drug-treated versus control cultures was determined using the Wilcoxon signed rank test. The minimal level of significance was a P value less than .05. The interaction between perifosine and other inhibitors was analyzed by isobologram analysis using the CalcuSyn software program (Biosoft, Ferguson, MO), as described. 24 The Chou-Talalay method calculates a combination index (CI) to indicate synergistic effect (CI Ͻ 0.8).
Results

Baseline expression of phospho-Akt is elevated in patients with WM
We have previously demonstrated that the level of expression of members of the PI3K pathway proteins is elevated in samples of patients with WM compared with those of healthy controls. 30 We therefore sought to confirm the expression level of phophorylated Akt (phospho-Akt) in WM. As shown in Figure 1A , expression of phospho-Akt was higher in CD19 ϩ WM cells from the BM of 4 patients with WM compared with BM CD19 ϩ cells from 2 healthy donors. In addition, we examined the baseline phosphorylation of Akt (at serine 473 and at threonine 308 sites) in WM cell lines (BCWM.1 and WSU-WM), IgM secreting low-grade lymphoma cell lines (MEC1, RL), as well as one MM cell line (MM.1S). As shown in Figure 1B , all cell lines demonstrated constitutive activation of Akt at baseline.
Inhibition of Akt pathway induces cytotoxicity in WM cells
We then examined whether inhibition of the Akt pathway induces cytotoxicity of WM cells. We first examine the effect of triciribine, a specific Akt inhibitor, on phosphorylation of Akt and on survival and proliferation of the WM cell line. Triciribine inhibited phosphorylation of Akt at 6 hours ( Figure 1C ), followed by significant growth inhibition in BCWM.1 cells using the thymidine uptake assay at 48 hours ( Figure 1D ). We then confirmed those results using Akt knockdown BCWM.1 cell line using lentivirus infection. Total Akt expression was significantly inhibited in BCWM.1 cells using both clones 62 and 63 of Akt shRNA ( Figure 1E ). Akt knockdown inhibited survival of BCWM.1 by 40% compared with For personal use only. on April 8, 2017 . by guest www.bloodjournal.org From mock-infected control and induced apoptosis up to 30% of control at 48 hours, indicating that Akt is an important survival pathway in WM (data not shown).
Perifosine blocks proliferation and induces cytotoxicity in WM cells
WM cell lines, IgM-secreting cell lines, and MM.1S cells were cultured for 24 hours and 48 hours in the presence of perifosine (2-50 M). Perifosine inhibited proliferation at 48 hours, as measured by the thymidine uptake assay in BCWM.1 and MM.1S cells, with an IC 50 of 5 M (Figure 2A ). We next examined the cytotoxic effect of perifosine in cell lines using the MTT assay. As shown in Figure 2B , perifosine significantly inhibited growth of these cell lines in a dose-dependent fashion at 24 and 48 hours, with IC 50 of 7 to 20 M at 48 hours. Interestingly, the effect of perifosine was most significant on the transformed WM cell line WM-WSU, with IC 50 of 10 M at 48 hours ( Figure 2C ). The cytotoxic effect of perifosine was confirmed in tumor cells from patients with WM (N ϭ 3; Figure 2D ). In contrast, perifosine did not trigger cytotoxicity in PBMCs from 3 healthy volunteers ( Figure 2E ), as well as in hematopoietic progenitor cells ( Figure 2F ). These results demonstrate that perifosine triggers significant cytotoxicity in WM, MM, and IgM-secreting cell lines, as well as patient WM cells, without toxicity in normal PBMCs or progenitor cells.
Perifosine-induced cytotoxicity signals through inhibition of Akt
We next determined whether perifosine inhibited Akt activity in WM cells. We demonstrated using proteomic technique that perifosine inhibited Akt phosphorylation and downstream targets (Table 1) . First we found down-regulated expression for several proteins downstream of the Akt pathway such as ribosomal protein S6 kinase alpha-1 and inhibitor of nuclear factor kappa-B kinase alpha subunit. We then confirmed those results by immunobloting in both a dose-( Figure 3A ) and time-dependent fashion (data not shown), while total Akt expression was not modified. Perifosine (10 M) significantly inhibited phosphorylation of Akt at 6 hours. In addition, perifosine inhibited phospho-S6 ribosomal protein, a downstream target protein of Akt. In contrast, perifosine (10 M and higher doses) only slightly inhibited phosphorylation of PDK1, a molecule upstream of Akt ( Figure 3A ). We then confirmed the effect of perifosine on Akt activity using an in vitro Akt kinase assay in a dose-and time-dependent fashion ( Figure 3B,C) . Perifosine inhibited Akt kinase activity at early time points, with 5 M inhibiting Akt function at 4 hours, as shown in Figure 3C . These results demonstrate that perifosine directly inhibited baseline phosphorylation of Akt and its downstream target proteins.
Neither growth factors nor adherence to BMSCs protect against perifosine-induced WM cell cytotoxicity
Since the BM microenvironment confers WM cell growth and drug resistance, we next studied whether perifosine can overcome resistance induced by the BM microenvironment. BCWM.1 cells, along with MM.1S cells as a control, were cultured with perifosine (5-20 M) in the presence or absence of BMSCs. Adherence of MM.1S cells and BCWM.1 cells to BMSCs triggered 2.2-fold (P Ͻ .01) and 2-fold (P Ͻ .01) increase in the [ 3 H]-thymidine uptake, respectively. Importantly, perifosine inhibited WM cell growth in the context of the BM microenvironment in a dosedependent fashion (P Ͻ .001; Figure 4A ), confirming that perifosine retains significant antitumor activity even in the presence of BM stromal cells. The adhesion of WM cells in coculture with stromal cells led to increased activation of Akt, and perifosine 10 M was able to overcome Akt activity, even in the presence of stromal cells, as shown in Figure 4B .
Previous studies using gene expression analysis in WM have demonstrated that interleukin 6 (IL-6) signaling is up-regulated in WM. 31 IL-6 also has been reported to be an important factor in promoting plasmacytoid lymphocyte growth in WM, as well as a marker reflecting tumor burden and disease severity. 24 Both IL-6 and IGF-1 induce activation of Akt in MM. 18, 32 We therefore tested whether perifosine can overcome the protective effect of IL-6 and IGF-1 in WM cells. As shown in Figure 4C , IL-6 (25 ng/mL) and IGF-1 (50 ng/mL) induced modest proliferation (10% to 30%) of WM cells, which was blocked by perifosine (5-20 M). Using immunobloting, both IL-6 and IGF-1 induced rapid Akt phosphorylation at 10 minutes of cytokine stimulation, and perifosine (10 M) inhibited Akt activation at 6 hours even in the presence of IGF-1 or IL-6, as shown in Figure 4D and E. These results suggest that perifosine overcomes Akt activation and associated growth triggered by IL-6 or IGF-1.
Perifosine induces SAPK/JNK MAPK caspase-dependent WM cell apoptosis
We first demonstrated that perifosine induced significant apoptosis evidenced by propidium iodide and Apo2.7 staining and flow cytometric analysis. Perifosine induced dose-dependent apoptosis in BCWM.1 and MM.1S cells with 50 M, inducing 60% apoptosis at 48 hours ( Figure 5A ). To determine the mechanism of For personal use only. on April 8, 2017 . by guest www.bloodjournal.org From perifosine-induced apoptosis, we investigated the effect of perifosine (5-20 M) in BCWM.1 cells using immunoblotting and protein array analysis. First, using protein array technique, we found up-regulation of expression of mitogen-activated protein kinase 4 and caspase 7 involved in induction of apoptosis, as well as regulators of cell cycle, cyclin-dependent kinase 7, and leucine zipper, a putative tumor suppressor (Table 1) . We then confirmed the protein array data using immunoblotting. Perifosine induced caspase-8, caspase-9, caspase-3, and PARP cleavage in a dose-and time-dependent fashion ( Figure 5B), with caspase activation and PARP cleavage starting after 4 hours treatment with perifosine (10 M).
We next examined the effect of perifosine on JNK phosphorylation. As shown in Figure 5C (Figure 5E ), confirming a role for JNK mediating perifosine-induced apoptosis. SP600125 markedly inhibited perifosine-induced phosphorylation of JNK and caspase-9 cleavage, but not caspase-8 cleavage ( Figure 5D ).
Perifosine inhibits human WM cell growth in vivo. We next determined the effect of perifosine on WM cell growth using an in vivo immunodeficient mouse xenograft model. Mice were treated with perifosine 35 mg/kg per day daily by oral gavage as previously described. 29 Drug treatment was started after the development of measurable tumor. The mean ( Ϯ SD) tumor size was not significantly different between the 2 groups at baseline. Administration of perifosine significantly reduced WM tumor growth compared with control starting at week 6 (P ϭ .049) ( Figure 6A ). By week 12, 75% of the control group was killed because of tumor growth, compared with only 18% in the perifosine treatment group (P ϭ .04). The main toxicity observed in the perifosine-treated mice was loss of weight (average, 4 grams Ϯ 1). Whole cell lysates from tumors harvested from the perifosine-treated and control mice were assessed by Western blotting for phosphorylation of Akt. As shown in Figure 6B , perifosine induced significant in vivo inhibition of Akt phosphorylation and downstream ribosomal phospho-S6.
Perifosine inhibits migration and adhesion of WM cells in vitro.
Previous studies have demonstrated that the PI3K/Akt pathway regulates migration and adhesion in B cells. 16, 18 We sought to determine the effect of perifosine on migration and adhesion of WM cells. We first demonstrated that stromal derived factor-1 (SDF-1), one of the important regulators of migration in B cells, 33 induced migration in BCWM.1 cells at 30 nM SDF-1 ( Figure 6C) . To study the effect of perifosine on the migration of WM cells, BCWM.1 cells were incubated with low doses of perifosine 1 to 5 M for 2 hours (these doses and duration of incubation did not induce apoptosis in WM cells as confirmed by trypan blue and Apo2.7 staining by flow cytometry, data not shown). Perifosine induced significant inhibition of BCWM.1 cell migration toward SDF-1 at 5 M (P ϭ .001; Figure 6C ). To confirm that Akt plays an important role in the regulation of migration in WM, we show that perifosine inhibits Akt functional activity at 4 hours using the Akt kinase assay, as shown in Figure 3C . In addition, we used the Akt knockdown cell line and showed that there was a significant inhibition of migration in response to SDF-1 with the Akt knockdown BCWM.1 cells compared with the mock-infected cells (data not shown). We also tested the effect of perifosine on adhesion in WM. BCWM.1 cells were treated with perifosine 2 to 10 M for 1 hour and demonstrate significant inhibition of adhesion to fibronectin (P ϭ .02; Figure 6D ). We finally demonstrated that there was no change in the surface expression of CXCR4 or VLA-4 in response to perifosine at 6, 12, and 24 hours, indicating that perifosine regulates migration and adhesion at the intracellular signaling pathways level through inhibition of the Akt pathway and not by modulating surface expression of chemokine and adhesion molecules (data not shown).
Perifosine inhibited homing of WM cells to the bone marrow. Adhesion of malignant cells to stromal cells confers resistance to apoptosis. 24 Therefore, we sought to investigate the effect of low-dose perifosine on homing in vivo in WM. DID-labeled BWM.1S cells treated with perifosine (5 M, 2 hours) or control (PBS) were injected in the tail veins of balb/c mice, followed by in vivo flow cytometry every 5 minutes for one hour after injection. As showed in Figure 6E , the number of circulating BCWM.1 cells decreased dramatically (75% decrease) after 1 hour in the control experiment, indicating homing, while in mice injected with BCWM.1 pretreated with perifosine, there was only a 40% reduction in the cells at 1 hour (P ϭ .001). Similarly, we demonstrated that the number of cells present in the perivascular BM For personal use only. on April 8, 2017 . by guest www.bloodjournal.org From niches of the skull was significantly higher in the control mice compared with the perifosine-treated group at 24 hours after injection ( Figure 6F ; P ϭ .039). The effect of perifosine on signaling pathways that regulate adhesion and cell trafficking was confirmed using proteomic analysis. BCWM.1 cells were treated 12 hours at 10 M, and the nanoscale antibody microarray was used to determine proteins that were up-or down-regulated in response to perifosine compared with control, as previously described. 26 Proteins that were dysregulated in response to perifosine are outlined in Table 1 . Several of these proteins belonged to families involved in trafficking, cell-cell interaction, and adhesion.
Perifosine up-regulates the MEK/ERK pathway through activation of upstream proteins
Using the protein array analysis, we found that MAPK proteins, including ERK, were activated in response to perifosine. The MEK/ERK and p38 MAPK pathways mediate proliferation and interact with the PI3K/Akt pathway in many malignancies. [34] [35] [36] We therefore sought to examine the effect of perifosine on MAPK pathways using immunobloting analysis. Perifosine induced ERK1/2 phosphorylation in a dose-dependent fashion ( Figure 7A ), but not p38 MAPK (data not shown). We then studied whether inhibiting MEK/ERK signaling would enhance perifosine-induced cytotoxicity in WM cells. As shown in Figure 7B , cytotoxicity triggered by perifosine (5-20 M) was enhanced in the presence of MEK1/2 inhibitor U0126 (5 M and 10 M). The combination was additive at low doses of perifosine with perifosine (10 M) and U0126 (5 M) inducing 30% inhibition of cell proliferation (CI ϭ 0.8). The molecular mechanisms whereby perifosine-induced cytotoxicity was enhanced by U0126 were next studied. BCWM.1 cells were treated for 6 hours with either perifosine 10 M, U0126 5 M, and 10 M, and the combination. Up-regulation of ERK phosphorylation triggered by perifosine was inhibited by U0126, whereas cleavage of caspase-9, -8 and PARP were up-regulated by the combination ( Figure 7C ).
To further investigate whether activation of ERK1/2 was a compensatory response to inhibition of Akt or a direct effect of perifosine on the ERK MAPK pathway, we studied ERK expression in the Akt knockdown BCWM.1 cells. As shown in Figure 7D , Akt expression was silenced after infection of BCWM.1 cells with Akt shRNA. Interestingly, ERK was not activated in response to Akt inhibition. Similarly, the specific Akt inhibitor triciribine did not induce ERK activation ( Figure 7E ). These data indicate that the effect of perifosine on ERK is not through a compensatory feedback mechanism. Therefore, we hypothesized that the effect of perifosine is through modulation of upstream pathways, specifi- cally PI3K, PKC, and c-Raf/MEK pathways. We first demonstrated that perifosine induced PKC and c-Raf activation ( Figure 7F ). In addition, the specific PI3K inhibitor LY294002 (25 M for 15 minutes) completely abrogated Akt phosphorylation and induced significant ERK activation, similar to the effect of perifosine. We also demonstrated that LY294002 activated c-Raf and panpPKC at 4 hours, as does perifosine ( Figure 7F ). These data suggest that perifosine activates the MEK/ERK pathway through upstream activation of PKC and c-Raf.
Discussion
WM is a distinct B-cell lymphoproliferative disease. 1 Little is known about signaling pathways implicated in WM pathogenesis, and the majority of therapeutic agents currently used to treat WM have been applied due to their activity in related lymphoproliferative diseases, such as chronic lymphocytic leukemia and MM. Indeed, to date there have been no preclinical studies to identify the effect of novel targeted agents on the dysregulated signaling pathways in WM. In this study, we first demonstrated that PI3K/Akt signaling cascade is activated in primary WM cells and WM cell lines. In addition, inhibition of Akt by triciribine and Akt knockdown resulted in apoptosis of WM cells, indicating that the PI3K/Akt pathway is an important regulator of survival in WM.
We then studied the effect of the novel Akt inhibitor perifosine on WM cell growth and signaling in vitro and in vivo. Perifosine is an alkylphospholipid that interacts with several kinase pathways and thereby modulates intracellular survival and proliferation signal transduction pathways. 14, 21, 37 It has demonstrated significant in vitro and in vivo activity in many tumors, including B-cell malignancies. 29, 38 We demonstrated that perifosine inhibited proliferation and induced apoptosis in WM cell lines and patient samples by activation of the JNK pathway and, conversely, that blocking of JNK by SP00125 abrogated perifosine-induced apoptosis. Perifosine also activated both the intrinsic and extrinsic pathways of apoptosis, resulting in caspases -8 and -9 cleavage. Importantly, perifosine had no effect on normal mononuclear cells or growth of bone marrow colonies, suggesting a favorable therapeutic index.
The role of the bone marrow microenvironment in regulation of growth and drug resistance of malignant cells in WM has not previously been studied. However, previous studies in other B-cell malignancies have demonstrated that cytokines such as IL-6 and IGF-1, as well as BMSCs, are critical regulators of tumor growth and drug resistance. 39 In this study, we showed that BMSCs and cytokines induce proliferation in WM cells, associated with activation of Akt. In addition, we demonstrated that perifosine overcomes the proliferative effect of BMSCs and cytokines. Studies to further define the role of the BM microenvironment in WM pathogenesis are ongoing. Interestingly, our data also showed that perifosine inhibited in vitro adhesion and migration as well as delayed in vivo homing to the BM. These experiments reinforce the role of perifosine in blocking the ability of WM cells to home to their protective niches within the BM.
Migration and adhesion of malignant cells to the bone marrow milieu also regulates proliferation and resistance to therapy. In this study, we determined the effect of the chemokine SDF-1 on the migration of WM cells. We demonstrated that perifosine regulates migration to SDF-1 and also inhibits adhesion of these cells to fibronectin. These results indicate that perifosine not only induces direct apoptosis of WM cells, but also prevents their migration and adhesion to the microenvironment. We next demonstrated that perifosine inhibits homing of WM cells to the BM in vivo using in vivo flow cytometry and confocal microscopy.
To further investigate potential mechanisms of resistance to perifosine, we determined the effect of this agent on other signaling cascades, specifically the MAPK pathways. Previous studies have demonstrated variable results about the effects of perifosine on MAPK signaling. 29 Delineating the signaling pathways that regulate ERK MAPK activation in response to perifosine may help define mechanisms of resistance to this agent in vivo, as well as identify proteins to be targeted to overcome resistance. In this study, we demonstrated that perifosine induced activation of ERK1/2 in a dose-and time-dependent fashion. Interestingly, we demonstrated, using both Akt knockdown and specific inhibitors to Akt, that ERK activation is not a compensatory up-regulation in response to Akt inhibition, but rather due to activation of upstream PKC and c-Raf, in a fashion similar to that triggered by PI3K inhibitor LY294002. It is therefore possible that growth receptor stimulation in the presence of perifosine leads to PLC and RTK activation, which in turn induces PIP2 stimulation, upstream of PI3K and PKC. Since PI3K is blocked by perifosine, PIP2 activation leads to activation of PKC, which then induces growth stimulation, associated with activation of downstream c-Raf and MEK/ERK. In addition, growth receptors also may activate c-Raf through the Ras/Raf/MEK pathway, independent of PKC. Importantly, inhibition of ERK MAPK by U0126 in combination with perifosine led to a synergistic inhibition of growth and induction of apoptosis in WM. These studies provide a better understanding of molecular mechanisms that regulate resistance to perifosine. Future combinations of perifosine with MEK inhibitors, such as AZD6244, may overcome this resistance and induce significant activity in WM.
In summary, we demonstrated that the PI3K/Akt pathway is constitutively activated in WM and that the Akt inhibitor perifosine induced apoptosis and growth inhibition in WM cells both in vitro and in vivo, without toxicity in normal mononuclear cells and hematopoietic progenitor. In addition, perifosine was able to overcome drug resistance and inhibit proliferation of tumor cells even in the BM microenvironment. Perifosine was able to inhibit migration and adhesion of WM cells in vitro and homing in vivo to the BM. We also showed that perifosine induced activation of the ERK MAPK pathway through activation of PKC and c-Raf-1 and, conversely, that the combination of ERK inhibitor U0126 with perifosine overcomes the growth associated by ERK activation. We also demonstrated that perifosine inhibited the growth of WM cells in vivo in a SCID subcutaneous tumor model. Importantly, perifosine inhibited phospho-Akt and downstream targets in vivo in the tumor cells from treated animals. Together these studies provide the framework for clinical studies of perifosine to improve patient outcome in WM.
